Mechanisms underlying airway hyperresponsiveness are not yet fully elucidated. One of the manifestations of airway inflammation is leakage of diverse plasma proteins into the airway lumen. They include fibrinogen and thrombin. Thrombin cleaves fibrinogen to form fibrin, a major component of thrombi. Fibrin inactivates surfactant. Surfactant on the airway surface maintains airway patency by lowering surface tension. In this study, immunohistochemically detected fibrin was seen along the luminal surface of distal airways in a patient who died of status asthmaticus and in mice with induced allergic airway inflammation. In addition, we observed altered airway fibrinolytic system protein balance consistent with promotion of fibrin deposition in mice with allergic airway inflammation. The airways of mice were exposed to aerosolized fibrinogen, thrombin, or to fibrinogen followed by thrombin. Only fibrinogen followed by thrombin resulted in airway hyperresponsiveness compared with controls. An aerosolized fibrinolytic agent, tissue-type plasminogen activator, significantly diminished airway hyperresponsiveness in mice with allergic airway inflammation. These results are consistent with the hypothesis that leakage of fibrinogen and thrombin and their accumulation on the airway surface can contribute to the pathogenesis of airway hyperresponsiveness.
Introduction
Multiple cytokines and signaling pathways of inflammation have been implicated in the pathogenesis of asthma (1) (2) (3) . The etiology of airway hyperresponsiveness, a cardinal feature of asthma, has not been fully elucidated. Much research in this area focuses on processes that can lead to exaggerated airway narrowing such as alterations in smooth muscle structure or function (4-6) and effects of airway remodeling (7) (8) (9) (10) (11) . Studies of human subjects with asthma indicate that airway hyperresponsiveness is attributable not only to exaggerated airway narrowing but also to exaggerated airway closure (12) (13) (14) (15) (16) .
Distal airways remain open in part because of the surface tension-lowering properties of surfactant, a bipolar phospholipid found on the distal airway luminal surface (17) . Airway inflammation, also a cardinal feature of asthma, causes leakage of numerous, diverse plasma proteins onto the airway surface (18) . Studies in vitro have demonstrated that plasma proteins can inactivate surfactant (19) . Reduced surfactant function is seen in patients with asthma (20, 21) . Conversely, inhalation of surfactant diminishes airway hyperresponsiveness (22) .
The most powerful protein inactivator of surfactant, to the best of our knowledge, is fibrin (23) . Fibrin is formed when thrombin, generated by the coagulation cascade factors and cofactors, cleaves fibrinopeptides A and B from fibrinogen. Fibrin is a major structural component of thrombi. Fibrin is formed typically at sites of vascular damage. Extravascular thrombin (24) , fibrinogen (25) , and fibrin (26) have been found in the sputum of patients with asthma. We hypothesized that airway hyperresponsiveness seen in asthma is largely the result of decreased stability of airways and subsequent airway closure secondary to the formation of fibrin on the distal airway surface. In our observational work that led to this hypothesis we found robust amounts of immunohistochemically detectable, extravascular fibrin on distal airway surfaces in a patient who died of status asthmaticus. To directly test our hypothesis we then studied mice with induced allergic airway inflammation.
Methods

Immunohistochemistry.
Sections from autopsy specimens from a patient who died with status asthmaticus were characterized initially. Subsequently, we characterized sections from lungs of mice with induced allergic airway inflammation (see below). The sections of mouse lungs were obtained after fixation of the lungs at an inflation pressure of 30 cm H 2 O using 10% buffered formalin (Sigma-Aldrich, St. Louis, Missouri, USA) paraffin embedding. All lung sections were 10 μm thick. The lung sections were deparaffinized and then immunostained using the alkaline phosphatase system (Vector Laboratories, Burlingame, California, USA) and mouse IgG Ab against the β chain of fibrin that recognizes both murine and human fibrin (Accurate Chemical & Scientific Corp., Westbury, New York, USA). The secondary Ab that was used (goat anti-mouse Alexa Fluor 647; Molecular Probes Inc., Eugene, Oregon, USA) results in a fluorescent red reaction product. SYTOX green (Molecular Probes Inc.) was used as a counterstain. Fluorescent images were obtained with the use of a confocal laser scanning microscope (BioRad MRC1024ES; Bio-Rad Laboratories Inc., Hercules, California, USA). Serial sections were stained with isotype-matched Ab's and H&E. Serial sections were stained also in the absence of primary Ab and showed no red reaction product.
Plasminogen activator and plasminogen activator inhibitor activity. Activities of plasminogen activator (PA) and plasminogen activator inhibitor (PAI) of lungs homogenized in PBS, pH 7.4, were determined by using a chromogenic substrate assay (CoAtest; Chromogenix, Milan, Italy). PA activity was expressed as international units. PAI activity was normalized with respect to inhibition of a standard amount of tissue plasminogen activator (tPA) of known and verified specific activity. The assays were linear from 0 to 40 AU (arbitrary units per milliliter).
Mice studies. All protocols and procedures had been approved by the University of Vermont's Institutional Animal Care and Use Committee. BALB/c (Jackson Laboratories, Bar Harbor, Maine, USA) mice were anesthetized with 90 mg/kg of pentobarbital given intraperitoneally. A tracheostomy was performed, and a modified 18-gauge IV adaptor was inserted and firmly secured. Mice were then placed on a computer-controlled, piston ventilator (flexiVent; SCIREQ Inc., Montreal, Quebec, Canada). They were ventilated at a tidal volume of 0.2 ml with a positive end expiratory pressure of 3 cm H 2 O applied by a water trap.
Nebulization of fibrinogen, thrombin, and tPA. Fibrinogen, fraction I from bovine plasma (Sigma-Aldrich), bovine thrombin (SigmaAldrich), and recombinant human tPA (Genentech Inc., South San Francisco, California, USA) were dissolved in PBS to yield concentrations of 10 mg/ml, 16 U/ml, and 500 U/ml, respectively. Each solution was delivered as an aerosol to the mouse airway by channeling the inspiratory flow from the ventilator through an aerosol chamber attached to an ultrasonic nebulizer. The driving volume of the ventilator was changed from the typical 0.2 ml to 0.8 ml, and the respiratory rate was decreased to 30 breaths/min. Aerosol was delivered for 40 seconds in each case.
Determination of the concentration of D-dimer. Bronchoalveolar lavage (BAL) fluid was assayed for the concentration of cross-linked fibrin breakdown products (D-dimer) by ELISA using a commercially available kit (Diagnostica-Stago Inc., Parsippany, New Jersey, USA) that detects murine D-dimer (27) . The assay was linear throughout the range of concentration of D-dimer from 5 to100 ng/ml.
Determination of the concentration of fibrin. The concentration of fibrin in lavage fluid was determined using a modified established method (28) . To prevent the formation of fibrin during the incubation step described below, a buffer composed of 0.05 M Tris, 0.15 M NaCL, and 500 IU/ml heparin at a pH 7.6 was used as the BAL solution. BAL obtained immediately following nebulization of fibrinogen followed by thrombin in naive mice was compared with BAL obtained from mice with allergic airway inflammation. The concentration of D-dimer was determined in each sample (preincubation sample). An aliquot from the same sample was then incubated at 37°C for 4 hours after the addition of a volume of 0.5 AU/ml plasmin (Sigma-Aldrich) to the same buffer was added to achieve plasmin concentration of 0.32 AU/ml. After this digestion with plasmin, the concentration of D-dimer was determined (postincubation sample). The concentration of D-dimer was then corrected for the dilution. The relative amount of intact fibrin present in the BAL was then determined by subtracting the preincubation sample concentration of D-dimer from the postincubation sample concentration of D-dimer.
Allergic airway inflammation protocol. Allergic airway inflammation was induced by sensitization on days 1 and 14 by injection of 100 μl of a 200-μg/ml mixture of chicken OVA (Sigma-Aldrich) in an adjuvant (Imject Alum; Pierce Chemical Co., Rockford, Illinois, USA) into the peritoneum. On the day 21, 22, and 23 of each study
Figure 1
Fibrin immunostaining. H&E staining of a human lung from a patient who died due to status asthmaticus (A) (magnification ×10) and a lung from a mouse with allergic airway inflammation (B) (magnification ×20) are shown as a structural reference for the immunostaining. Immunostaining with a mouse IgG that selectively binds to the β chain of both mouse and human fibrin is shown (C and D). Red reaction product indicating the presence of fibrin (white arrowheads) is seen within the parenchyma and airways in both the human and mouse lung sections. Immunostaining in which a nonspecific mouse IgG was used is shown as an isotype control (E and F).
Figure 2
PAI activity in lung tissue homogenates of mice with airway inflammation. PAI activity with respect to protein content was significantly increased in mice with allergic airway inflammation (n = 9) compared with controls (n = 9): 2.34 ± 0.3 AU/μg compared with 0.12 ± 0.1 AU/μg, P < 0.01. A concurrent decrease in PA activity was observed in mice with allergic airway inflammation compared with controls: 9.28 ± 0.4 AU/μg compared with 4.6 ± 0.4 AU/μg, P < 0.01. the mice were exposed to aerosolized 1% OVA mixed with sterile PBS for 30 minutes. Aerosols were delivered by a jet nebulizer while the mice were in a compartmentalized Plexiglas chamber. Airway inflammation was confirmed by increased cell counts in BAL fluid that was obtained by instilling 1 ml of cold PBS into the trachea and removing it gently.
Respiratory mechanics. Respiratory mechanics were determined using the forced oscillation technique as previously described (29) . The computer-controlled piston ventilator was programmed to deliver a 2-second pseudorandom perturbation that consisted of waveforms of mutually prime frequencies. Multiple linear regression was used to fit impedance spectra derived from measured pressure and volume in each individual mouse to the constant phase model of the lung (30): Z(f) = R n + JωI + (G ti + jH ti )/ω a . Model fits that resulted in a coefficient of determination that was less than 0.85 were excluded. From this analysis the following physiological properties of the respiratory system were derived: Newtonian resistance (R n ), tissue resistance (G ti ), and elastance (H ti ).
Determination of airway hyperresponsiveness. Dose-response curves with aerosolized methacholine were determined as follows. Methacholine (Sigma-Aldrich) was mixed with sterile PBS and delivered by a nebulizer in successively increasing concentrations (3.125, 12.5, and 50 mg/ml). After each dose, the time course of response was followed by applying a 2-second perturbation as described above every 10 seconds for a total of 3 minutes. The peak response for each variable was determined. The percentage of change from baseline measured at the beginning of the protocol was calculated. Linear interpolation was then used to determine the provocative concentration of methacholine at which a 200% (PC200) increase in the variables R n and G ti , or a 50% increase in the variable H ti (PC50) occurred.
In the mice that were exposed to tPA a single dose of methacholine was used in order to allow time for the enzymatic effect of tPA to occur. In these mice the percentage of change from baseline of the end-point variable was determined for each individual mouse.
Quantification of subepithelial collagen. Lung sections, 10-μm thick, were stained with Sirius red. This agent selectively stains collagen (31), yielding birefringence under polarized light. Slide identities were then masked. Each of three independent observers simultaneously scored slides from naive BALB/c mice, mice that had allergic airway inflammation and had been given only saline while on the ventilator, or mice with allergic airway inflammation that had been given tPA while on the ventilator. The scoring scale used was from 1 to 3. All three scores were averaged to create a composite score for each individual slide.
Pressure volume characteristics. Pressure volume (PV) curves were determined as previously described (32) . Increments of volume of 0.1 ml were used with a pressure limit of 25 cm H 2 O. Plateau values of airway pressure at each stepwise increment were obtained and plotted against volume. Hysteresis was determined as the area subtended by the inspiratory and expiratory limbs of the PV curve.
Administration of anticoagulant. A group of mice was treated with pegylated hirudin (PEG-hirudin) during the induction of allergic airway inflammation. PEG-hirudin (1 mg/kg) was administered subcutaneously once daily (33) beginning 6 hours before the start of the aerosolized OVA challenges and continued throughout the protocol. Bleeding times were determined the day before the determination of airway hyperresponsiveness. Aside from slight bruising at the sites of injection, no adverse complications attributable to the administration of PEG-hirudin were apparent.
Statistics. Data were expressed as means plus or minus SE. Comparisons between groups were made using of two-tailed Student's t tests. P values less than 0.05 indicate significance.
Figure 3
Quantification of fibrin. Relative amounts of intact fibrin were determined by subjecting the lavage samples to fibrin digestion with plasmin. The graph depicts predigestion (Before) and postdigestion (After) concentrations of D-dimer in lavage fluid. Mice that been exposed to nebulized fibrinogen followed by thrombin (Fibrin) (n = 8) are compared with mice that had allergic airway inflammation (OVA) (n = 10). Predigestion D-dimer concentrations are the highest in the fibrin mice (9.7 ± 2.1; 5.61 ± 1.0). Postdigestion concentration of D-dimer in BAL from OVA mice (12.6 ± 0.8) was similar to postdigestion D-dimer concentration in fibrin mice (13.1 ± 2.0). OVA mice had a larger difference between postdigestion and predigestion BAL D-dimer concentration (7.0 ± 1.4) compared with BAL from fibrin mice (3.39 ± 2.7). This indicates that greater amounts of intact fibrin is present on the airway surface of OVA mice.
Figure 4
Effect of fibrinogen followed by thrombin on airway hyperresponsiveness. Mice that received fibrinogen followed by thrombin (n = 7) had significantly increased airway hyperresponsiveness in terms of all parameters compared with mice that received saline alone (n = 7): Rn (saline alone, 30.5 ± 5.5, versus fibrinogen followed by thrombin, 9.8 ± 2.9; P < 0.01), Gti (saline alone, 18.5 ± 3.8, versus fibrinogen followed by thrombin, 8.5 ± 1.3; P < 0.01), and Hti (saline alone, 32.7 ± 12, versus fibrinogen followed by thrombin, 5.5 ± 1.7; P < 0.01). The degree of airway hyperresponsiveness seen in fibrinogen followed by thrombin mice was similar to that seen in mice with allergic airway inflammation (OVA) (n = 10): Rn (fibrinogen followed by thrombin, 9.8 ± 2.9, versus OVA, 5.95 ± 0.82), Gti (fibrinogen followed by thrombin, 8.5 ± 1.3, versus OVA, 6.57 ± 0.64), Hti (fibrinogen followed by thrombin, 5.5 ± 1.7, versus OVA, 1.83 ± 0.37).
Results
As part of our initial observational work, immunostaining of lung sections from a patient who had died from status asthmaticus revealed red reaction product indicative of fibrin along the airway surface of the alveoli and distal airways ( Figure 1C ). In mice with allergic airway inflammation intense red reaction product was seen also along the airway surface of the alveoli and distal airways ( Figure  1D ). Lung sections from mice without allergic airway inflammation did not exhibit appreciable immunoreactivity (data not shown).
PAI activity in the homogenates of lung tissue from mice with allergic airway inflammation was significantly increased compared with that in untreated mice (P < 0.01) (Figure 2 ). The increase was accompanied by a marked decrease in PA activity (P < 0.01).
BAL from naive mice exposed to fibrinogen followed by thrombin had higher preplasmin digestion concentrations of D-dimer compared with mice with allergic airway inflammation. Naive mice exposed to fibrinogen followed by thrombin had postplasmin digestion concentrations of D-dimer that were similar to those found in mice with allergic airway inflammation (Figure 3) . The difference between the predigestion and postdigestion BAL was greatest in the OVA mice. Naive mice exposed to aerosolized fibrinogen plus thrombin exhibited airway hyperresponsiveness in terms of R n , G ti , and H ti (Figure 4 ) that was significantly different (P < 0.01) compared with values in controls exposed to fibrinogen, thrombin, or saline alone (Figures 4 and 5 ). Mice exposed to fibrinogen alone exhibited airway hyperresponsiveness in terms of H ti that was less than that seen with fibrinogen plus thrombin but greater than that seen with saline or thrombin ( Figure 5 ). This response was not significantly different from the response in the controls.
Mice with allergic airway inflammation that were exposed to the aerosolized fibrinolytic agent (tPA) exhibited a significant decrease in the response to methacholine with respect to all three physiologic variables (R n : P < 0.03; G ti : P < 0.01; H ti : P < 0.05) compared with results in mice with allergic airway inflammation exposed to saline alone ( Figure 6 ). Mice given tPA had a near doubling of concentrations of D-dimer (Figure 7) in the BAL fluid, indicating that fibrinolysis had occurred. Subepithelial collagen deposition was significantly increased in mice with allergic airway inflammation (P < 0.01), but the increase was not modified by the acute nebulization of tPA (Figure 8) . Furthermore, mice with allergic airway inflammation exposed to aerosolized tPA exhibited a significant decrease in PV curve hysteresis ( Figure 9 ) compared with that evident in curves from those exposed to aerosolized saline alone. The change in PV curve hysteresis following aerosolized tPA was the result of a leftward shift of the upper portion of the inspiratory limb of the PV curve (Figure 10) .
Administration of PEG-hirudin during the induction of allergic airway inflammation (n = 8) significantly reduced airway hyperresponsiveness compared with mice with allergic airway inflammation that did not receive PEG-hirudin (n = 8) in terms of R n PC200 (inflamed, 5.95 ± 0.82; inflamed plus PEG-hirudin, 12.2 ± 2.7; P < 0.05) and H ti PC50 (inflamed, 1.83 ± 0.37; inflamed plus PEG hirudin, 3.77 ± 0.5; P < 0.01). There was no significant reduction in terms of G ti . Bleeding times were elevated in the mice that received PEG-hirudin. There was no difference in BAL cell counts between mice that received PEG-hirudin and mice that did not (data not shown).
Discussion
Results from our study implicate coagulation system and fibrinolytic system proteins in the pathogenesis of airway hyperresponsiveness in asthma. In our initial observational work lung tissue was evaluated from a patient who had succumbed with status asthmaticus. Subsequently, lung tissue from mice with induced allergic airway
Figure 5
Effect of fibrinogen or thrombin alone on airway hyperresponsiveness. Mice given nebulized fibrinogen followed by thrombin (n = 7) had significantly increased airway hyperresponsiveness to methacholine in all parameters compared with mice that received fibrinogen alone (n = 6) or thrombin alone (n = 6): Rn (fibrinogen followed by thrombin, 9.8 ± 2.9; fibrinogen alone, 23.8 ± 4.8, P < 0.03; thrombin alone, 23.2 ± 5.0, P < 0.04), Gti (fibrinogen followed by thrombin, 8.5 ± 1.3; fibrinogen alone, 12.5 ± 1.0, P < 0.04; thrombin alone, 12.6 ± 1.3, P < 0.05), Hti (fibrinogen followed by thrombin, 5.5 ± 1.7; fibrinogen alone, 10.4 ± 1.0, P < 0.04; thrombin alone, 26 ± 8.2, P < 0.03).
Figure 6
The effect of nebulized fibrinolytic agent, tPA, on the response to methacholine in mice with allergic airway inflammation. The response to a single dose of 12.5 mg/ml of nebulized methacholine administered 15 minutes after administration of saline (black bars) or tPA (white bars) is shown on the ordinate as the percentage of increase from baseline. An increased value indicates an increased response to methacholine. Mice with allergic airway inflammation (n = 7) that had been exposed to tPA had a significantly reduced response to methacholine compared with those exposed to saline alone (n = 7): Rn, 99.2% ± 16% compared with 267% ± 62% (P < 0.03); Gti, 102% ± 23% compared with 225% ± 30% (P < 0.01); and Hti, 71% ± 30% compared with 284% ± 92% (P < 0.05). In terms of Rn and Gti, the response to methacholine in mice with airway inflammation that had been exposed to nebulized tPA (n = 7) was similar to the response in mice without airway inflammation exposed to saline (n = 10): Rn, 99.2% ± 16% compared with 119% ± 14%; Gti, 102% ± 23% compared with 137% ± 21%. Nebulized tPA did not completely reduce the response in terms of Hti to the level seen in controls: 71.2% ± 30% compared with 25.6% ± 2.7%. inflammation was characterized. In both, robust amounts of fibrin were evident along the surfaces of distal airways (Figure 1 ). In the lungs of mice with allergic airway inflammation PAI activity was found to be increased (Figure 2 ), thereby potentially promoting the accumulation of fibrin by suppressing fibrinolysis. Delivery of nebulized coagulation system proteins, fibrinogen followed by thrombin, to naive mice was found to result in airway hyperreponsiveness (Figures 4 and 5) . Delivery of nebulized fibrinolytic agent to the airway surface of mice with allergic airway inflammation was found to reduce airway hyperresponsiveness and reduce PV curve hysteresis (Figures 6 and 9 ). Anticoagulating mice with allergic airway inflammation with a thrombin inhibitor resulted in reduced airway hyperresponsiveness.
The airway surface of normal lung exhibits active fibrinolysis (34) . We found that the airway surface of mice with allergic airway inflammation exhibited conditions that potentiate the accumulation of fibrin. Plasmin, a fibrinolytic protein, is formed when plasminogen activators cleave the inert precursor zymogen, plasminogen. Plasminogen activator activity is constrained by plasminogen activator inhibitors. The physiologically prominent PAI in blood and tissues is type 1 (PAI-1). Activity of plasmin is constrained by another naturally occurring inhibitor, α-2 antiplasmin. Mast cells from individuals with asthma produce PAI-1 (35) , and a genetic linkage between PAI-1 polymorphisms and asthma has been suggested (36) . The concentration of PAI-1 protein (37) is increased in the lavage fluid of mice with chronic allergic airway inflammation. In the present study we found increases in PAI activity in mice with acute allergic airway inflammation (Figure 2 ). In addition, we observed an apparent decrease in fibrinolytic activity on the airway surfaces in these mice reflected by the presence of fibrin on the surfaces of the distal airways and alveoli (Figure 1) . The constrained fibrinolysis is likely to be the result of increased PAI-1 activity. TGF-β is a powerful agonist of PAI-1 synthesis (38) . Its concentration is increased in association with allergic airway inflammation (39) . It seems reasonable that TGF-β and other cytokines elaborated in association with inflammation convert the airway surfaces from a state that favors breakdown of fibrin to one that favors accumulation of fibrin.
The observed presence of fibrin on surfaces of distal airways and alveoli in patients with asthma or mice with allergic airway inflammation, to the best of our knowledge, is a novel observation. D-dimer, a breakdown product of fibrin, has been found in the sputum of patients with asthma (26) . This finding, however, does not point to any specific locus of accumulation of fibrin because induced sputum includes material from the entire airway tree. As noted above in the setting of inflammation proteins within the circulation leak into the airway lumen (18) . Previous work in brown Norway rats indicates that protein leakage in the setting of allergic airway inflammation is found only in the distal airways (40) . The authors who identified this feature suggest that it indicates that distal airways are particularly susceptible to leakage induced by inflammation. Our results suggest that the same was the case in the patient with asthma that we studied and in mice with allergic airway inflammation.
We hypothesized that the increased concentration of fibrin on the surface of distal airways would result in increased surface tension
Figure 7
Concentrations of fibrin degradation products (D-dimer) in the BAL fluid of mice that had been exposed to aerosolized tPA. The concentration of D-dimer increased significantly in the BAL from mice with airway inflammation exposed to tPA (n = 9) compared with those exposed to saline (n = 8, 17.8 ± 2.7 ng/ml compared with 9.05 ± 0.6 ng/ml).
Figure 8
Subepithelial fibrosis in mice with allergic airway inflammation. Staining with Sirius red of lung sections from naive BALB/c mice (A) and those with allergic airway inflammation (B) is shown. Sirius red is a dye that stains collagen specifically. Scoring by masked observers demonstrated a significant increase in subepithelial collagen deposition in mice with allergic airway inflammation (score: 1.14 ± 0.1 naive, n = 7; 1.96 ± 0.26 inflamed, n = 8; P < 0.01). Inflamed mice that received nebulized tPA (C) showed no reduction in subepithelial collagen deposition compared with inflamed mice that received saline only (score: 1.96 ± 0.2, n = 8, inflamed + tPA; 1.96 ± 0.26, n = 8, inflamed + saline).
secondary to inactivation of surfactant, consequently leading to enhanced airway instability and subsequent airway closure following the administration of methacholine. We have recently shown that a response in the variable H ti following methacholine represents increased airway closure (41) . Accordingly, we expected the exaggerated H ti response following the fibrinogen/thrombin treatment that was indeed observed (Figure 4 ). Airway closure is not a feature confined to this mouse model of asthma. It has been demonstrated in human subjects with asthma in multiple studies (12) (13) (14) (15) (16) .
Inactivation of surfactant does not explain the observed exaggerated response in R n . Because surfactant is found in minimal concentrations in central airways, its role in the narrowing or closure of central airways is controversial. Alternatively, thrombin or fibrinogen could individually have effects on airway smooth muscle. Thrombin is known to increase airway smooth muscle contraction ex vivo (42) , and fibrin degradation products increase pulmonary vascular smooth muscle contraction (43) . We did not, however, see an exaggerated response when airways were exposed to thrombin. If fibrin degradation products affect airway smooth muscle, delivery of tPA to mice with induced allergic airway inflammation would have resulted in an increased response to methacholine, not the decrease that we observed ( Figure 6 ). Thrombin and fibrin breakdown products may not penetrate to the extent that they can interact in a substantial way with airway smooth muscle. The observed exaggerated R n response is perhaps best explained by aerosol deposition dynamics. When airways constrict or close, more of a given aerosol deposits in the lung, and the distribution of aerosol deposition is changed such that more aerosol deposits in the central airways (44) . Constriction or closure of the distal airways after exposure to methacholine aerosol, as we observed, will therefore have the effect of enhancing methacholine aerosol deposition in central airways, resulting in an exaggerated central airways, or R n , response.
Fibrinogen can inactivate surfactant, but much less so as compared with fibrin (45) . Accordingly, we were not surprised by the modestly increased H ti response following aerosolized fibrinogen alone ( Figure 5 ). In fact, the response in H ti following nebulization of fibrinogen alone was not significantly different from that seen with saline or thrombin alone.
Our data indicate that concentrations of fibrin in BAL fluid from mice exposed to fibrinogen plus thrombin were similar or less than those observed in mice with induced allergic airway inflammation (Figure 3 ). In essence, we simulated the effects of leakage of fibrinogen and thrombin onto to the airway surface. This experimental design enabled us to assess the potential importance of the presence of these two proteins and their end product, fibrin. Other coagulation system and plasma proteins present on the airway surface in the setting of inflammation were, of course, not simulated. Nevertheless, the accumulation of fibrin that we observed in the lung from the asthmatic patient and from mice with allergic airway inflammation (Figure 1) indicates that generation of extravascular fibrin occurs under such conditions.
Mice with allergic airway inflammation exhibit a pattern of airway hyperresponsiveness that is similar to the pattern seen following nebulization of fibrinogen plus thrombin (Figure 4 ). To determine whether accumulated fibrin on the airway surface contributed to airway hyperresponsiveness in mice with allergic airway inflammation, we reduced the extent of accumulation of fibrin on the airway surface using nebulized tPA ( Figure 6 ). Airway hyperresponsiveness decreased significantly with respect to the three physiological variables characterized, R n , G ti , and H ti ( Figure 6 ). The reduction does not appear to be a reflection of an acute effect of tPA on the amount of subepithelial fibrosis (Figure 8 ). It is, however, conceivable that long-term administration of aerosolized tPA could diminish subepithelial fibrosis by activating or generating matrix metalloproteinases, including collagenase, from zymogens (46) . PV curve hysteresis decreased in mice with allergic airway inflammation after administration of nebulized tPA ( Figure 9 ). PV curve hysteresis results from the opening of closed lung units and elaboration of surfactant when the lung is stretched (47) . Airway closure is manifested by a rightward shift in the early portion of the inspiratory PV curve (48) such that a lower inflection point is observed. We did not see a lower inflection point in the PV curves from mice with allergic airway inflammation ( Figure 10 ). We did, however, observe a rightward shift of the upper portion of the inspiratory PV curve that decreased when aerosolized tPA was administered ( Figure 10 ). This is consistent with a decrease in distal airway surface tension (49) that is likely to reflect enhanced function of
Figure 9
The effect of the fibrinolytic agent, tPA, on PV curve hysteresis in mice with inflamed airways. The percentage of increase in the area subtended by the inspiratory and expiratory limb of a PV curve obtained 40 minutes after nebulization of saline or tPA was determined for each individual mouse, and results from all mice in each group were then averaged. Mice exposed to tPA (n = 6) had significantly smaller PV curve areas compared with those in mice exposed to saline alone (n = 9): 66.3% ± 15% compared with 130% ± 25%.
Figure 10
PV curves from mice with allergic airway inflammation that had been exposed to saline or tPA. PV curves that were generated with a stepwise volume insufflation of an in vivo mouse preparation are shown here with pressure on the abscissa and volume on the ordinate. Mice exposed to tPA exhibited curves characterized by lower pressures at each volume increment. The inspiratory curve is shifted to the left in the mice exposed to tPA, demonstrating an increase in lung compliance consistent with enhanced function of surfactant.
surfactant. Plasmin does reverse inactivation of surfactant caused by fibrin in vitro (23). We interpret the decreased H ti response to methacholine following the administration of nebulized tPA in mice with allergic airway inflammation as being a reflection of decreased airway closure, in turn attributable to less fibrin being available to inactivate surfactant.
We have demonstrated that anticoagulation results in a decrease in airway hyperresponsiveness. Heparin is known to have antiinflammatory properties (50) . Accordingly, we chose to use a direct thrombin inhibitor, hirudin. We used a pegylated form of hirudin to facilitate once-a-day dosing. We demonstrated a significant reduction in airway hyperresponsiveness reflected by H ti and R n in mice with allergic airway inflammation that were treated with PEG-hirudin. We did not suppress airway hyperresponsiveness to an extent comparable to that seen in mice without allergic airway inflammation. This could be a result of incomplete anticoagulation. More likely it represents, at least in part, an effect of extravascular fibrinogen. Inhibiting thrombin would have no effect on fibrinogen, and, as we demonstrated, aerosolized fibrinogen did have some effect on airway hyperresponsiveness, especially in terms of H ti ( Figure 5 ). Our results demonstrate that alteration of the activity of the coagulation system can have an impact upon airway hyperresponsiveness. This suggests that plasma exudation plays at least a partial role in the development of airway hyperresponsiveness.
Our results are consistent with those from previous work that have implicated cytokines in the pathogenesis of asthma. Expression of the cytokine IL-13 mRNA is increased in the airways of patients with asthma (51-53), and IL-13 is known to increase the elaboration of VEGF (54) . Increased concentrations of VEGF have been found in the sputum and airway mucosa of individuals with asthma (55, 56) . VEGF is known to increase vascular permeability (57) and is therefore likely to at least contribute to the plasma exudation and the subsequent accumulation of coagulation proteins on the airway surface.
Attempts to block cytokine-signaling pathways therapeutically have met with limited success, probably in part because of redundancy of such pathways. A therapeutic strategy that targets a common end point of multiple pathways is likely to be more successful. Inflammation is a common end point of multiple cytokine pathways. Accordingly, systemic steroid therapy is one of the most effective treatments for asthma. Unfortunately, systemic steroid therapy is limited by undesirable side effects. We have focused on a common consequence of inflammation -exudation of plasma proteins. More specifically, we have focused on a consequence of plasma exudation -the formation of extravascular fibrin. A paradigm of therapeutically targeting the exudation of plasma proteins has been suggested previously (58), but has not been accepted widely. Our data raise the intriguing possibility that extravascular pulmonary fibrin or the conditions that promote its formation could be a promising therapeutic target.
